Missouri University of Science and Technology

Scholars' Mine
International Conference on Case Histories in
Geotechnical Engineering

(2004) - Fifth International Conference on Case
Histories in Geotechnical Engineering

14 Apr 2004, 4:30 pm - 6:30 pm

Stabilization of a Historic Structure Founded on an Unstable Mesa
James W. Niehoff
Professional Service Industries, Inc., Denver, Colorado

Follow this and additional works at: https://scholarsmine.mst.edu/icchge
Part of the Geotechnical Engineering Commons

Recommended Citation
Niehoff, James W., "Stabilization of a Historic Structure Founded on an Unstable Mesa" (2004).
International Conference on Case Histories in Geotechnical Engineering. 3.
https://scholarsmine.mst.edu/icchge/5icchge/session01/3

This work is licensed under a Creative Commons Attribution-Noncommercial-No Derivative Works 4.0 License.
This Article - Conference proceedings is brought to you for free and open access by Scholars' Mine. It has been
accepted for inclusion in International Conference on Case Histories in Geotechnical Engineering by an authorized
administrator of Scholars' Mine. This work is protected by U. S. Copyright Law. Unauthorized use including
reproduction for redistribution requires the permission of the copyright holder. For more information, please
contact scholarsmine@mst.edu.

STABILIZATION OF A HISTORIC STRUCTURE
FOUNDED ON AN UNSTABLE MESA
James W. Niehoff, PE
Professional Service Industries, Inc.
Denver, Colorado, USA

ABSTRACT
In the mid-1920s, a 26-room mansion fashioned after a 16th Century Scottish castle, was built south of Denver, Colorado atop a large
mesa. Although significant portions of the mesa were capped with a hard, relatively intact conglomerate rock formation, the outer
edges were either missing or fractured into blocks and underlain by weaker claystone. Since its construction, portions of the
conglomerate capstone have shifted, causing settlement and lateral movement of the outer parts of the residence.
As part of recent renovation work, a comprehensive evaluation of foundation conditions was conducted to evaluate the cause of past
structural movements and to develop a plan to stabilize the structure. This effort included the delineation of individual portions of
conglomerate caprock supporting the structure, characterization of the nature and continuity of underlying soil and rock, and
measurement of the direction of structural movements. Following an evaluation of this data, an underpinning program involving the
use of micropiles was designed and installed to stabilize the individual conglomerate blocks, and to provide more stable permanent
foundation support for the structure.

INTRODUCTION
In the mid-1920’s, a wealthy businessman purchased a 3,000acre estate in Sedalia, Colorado, located about 40 km south of
the City of Denver. The property was dominated by a mesa,
which stood about 200 meters above the surrounding terrain.
On the northwestern edge of this mesa, he constructed a twostory, 1,000 square meter, 26-room residence fashioned after a
16th Century Scottish castle.
The building site was relatively flat in topography at an
elevation of approximately 2000 meters above sea level, and
was underlain by a stratum of conglomerate caprock.
Foundations for the structure consisted of locally available
quartzite fashioned into blocks, placed directly on the
conglomerate, and mortared together. The upper portions of
the residence were constructed of carved blocks of rhyolite
and petrified wood found in abundance on-site.
Within a few years of construction, portions of the residence
evidenced signs of differential movement. Most notably, a
large bedroom located on the southwestern side of the main
building apparently rotated such that a gap several centimeters
in width opened at the roof line. Additional cracks and
separations of masonry blocks later developed throughout the
western and southern portions of the structure. Until the late
1990’s, repairs consisted of adding mortar to masonry joints,
and patching cracks with plaster.
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Figure 1. Mansion shortly after construction in the 1920s

In 1996, ownership of the estate was transferred to a nonprofit organization, which set about to restore and effect
comprehensive repairs to the historic structure. This case
history presents the results of a geotechnical study done for
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the project, as well as the repairs that were effected to prevent
further movement of structural elements.

periphery of the structure in a downward and outward
direction from the remainder of the residence.

STRUCTURAL CONDITIONS
The residence is a two-story, masonry structure with a partial
basement which daylights to the west. The basement level
houses mechanical and electrical equipment in two small
rooms. Above grade floors are occupied by a large hall, a
dining room, a study, library, and bedrooms. A plan of the
main floor is shown on the Figure below.

Original ceiling line

Figure 3: Damage to T K bedroom wall

SUBSURFACE CONDITIONS
Geology

Figure 2: First floor plan

At the time of our study, evidence of structural distress was
noted in a number of locations within the residence. In the
southernmost bedroom (designated the TK bedroom in the
above plan), cracks were noted in the west facing wall from
ceiling to floor. Cracks were significantly wider at the top
than the bottom, suggesting an outward rotation of the wall.
At the junction of the ceiling with the wall, a gap estimated to
be greater than 10 centimeters in width had previously been
patched with plaster (see Figure 3).
Other significant cracks and masonry separations were noted
in the sitting room, in the main library, in the southwest corner
of the great hall, and on the northwestern terrace. Most of the
cracks were wider at the top than at the base, but were
typically limited to about 1 to 2 centimeters in width. The
general pattern of cracking suggested movement of the outer
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Sedalia, Colorado is located within the Denver Basin
Physiographic Province of Colorado. Various sedimentary
deposits underlie this area to a depth of several thousand
meters. The upper formation found in this area is the Castle
Rock Conglomerate, consisting of rounded cobble and gravel
sized materials in a cemented sand-silt matrix.
Beneath this formation are sequences of weaker sedimentary
sandstones and claystones to depths of several hundred meters.
The claystones are relatively hard and intact in-place, but
swell and spall when exposed to moisture.
Uplifts of the Denver Basin and subsequent erosion have
created the prominent mesa tops and cliffs composed of
resistant conglomerate caprock overlying weaker claystone.
Exposure to moisture causes the outer face of the claystone to
swell and weaken, making it more susceptible to erosion. Over
time, the caprock at the edges of the mesas have gradually
broken away and have slowly rotated toward the angle of the
adjacent steep slopes. As erosion of the less resistant
underlying materials continue, the blocks completely dislodge
from the top of the mesa and slide down the face.
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Crack Monitoring
As part of the overall evaluation of conditions, major cracks
were instrumented to determine if movements were
continuing, and the relative direction and magnitude of
movement. The gauges indicated that structural movements
were on-going, but were noted to increase and decrease over
time. The net effect was of increasing crack size. Based upon
the pattern of crack enlargements noted, the structural
movements appeared to be consistent with settlement of the
outer edges of the structure.

Figure 4: Castle Rock Conglomerate in project area

Subsurface Exploration
For the purpose of evaluating subsurface conditions in the
vicinity of the Castle, a total of 4 soil test borings and 4 test
pits were advanced around the periphery of the structure. In
the higher areas of the site, the borings initially encountered a
1 ½ to 2-meter thick stratum of hard, relatively unweathered
conglomerate. Beneath the conglomerate in these borings, and
from near the ground surface in borings drilled at lower
elevations, interbedded strata of claystone and sandstone were
encountered to a depth of about 15 meters below the first floor
elevation of the structure. Laboratory tests indicated that the
claystone was only moderately expansive, with swell
pressures ranging from 48 to 316 kPa. The unconfined
compressive strength of the unweathered portions of the
claystone ranged from 450 to 1340 kPa.
Below this
interbedded stratum, a thick sequence of hard, strongly
cemented conglomerate materials were penetrated by the
borings.
The test pits were excavated adjacent to the structure to
evaluate the nature of the foundations and the character and
continuity of the supporting caprock. In the eastern portion of
the residence, foundations generally were found to consist of
stone blocks bearing directly on the conglomerate caprock.
While generally hard, the conglomerate was found to consist
of a series of large, detached blocks beneath the peripheral
areas of the residence. The test pits, and observations of
exposed areas of rock exterior to the structure and within
basement areas allowed for the delineation of individual
detached sections of the caprock as shown on Figure 5.
In the lower, western portions of the site where the caprock
was found to be missing, foundation blocks had been placed
atop variably weathered claystone.
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Figure 5: Distribution of conglomerate caprock and detached
boulders

EVALUATION
As may be noted from the results of the subsurface
exploration, the portions of the structure which had
experienced the greatest degree of distress, were consistently
found to be underlain either by detached sections of the
conglomerate capstone, or by weathered claystone. Based
upon these findings, and observations and measurements of
foundation movement, we concluded the following:
1.

Foundations along the western wall of the structure were
supported entirely by the upper portion of the interbedded
sandstone/claystone formation at a relatively shallow
depth below grade. Movements of this portion of the
structure were consistent with consolidation settlement, or
gradual softening of the supporting claystone.

2.

The detached conglomerate boulders supporting the
southern portion of the estate house were rotating outward
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and downward as a result of the weathering and erosion of
the underlying claystone.
It was concluded that to properly stabilize the structure, the
foundations on the western side of the site would need to be
supported by an underpinning system extending into hard,
unweathered strata at depth. Additionally, the individual
pieces of conglomerate capstone supporting foundations on
the southern side of the residence would need to be firmly
anchored into unweathered portions of the underlying
sandstone and claystone bedrock to prevent further movement.

REPAIR CONFIGURATION
Western Wall
To support the foundations along the western wall of the
structure, it was decided to employ a series of steel beams
extending under the foundation elements attached to pin piles
and soil nails. Based upon an evaluation of the structural
integrity of the bearing walls, the decision was made to
provide supports 1-meter on center along the wall alignment.
Each of the beams was to be supported by an inner 9 cm
diameter pin pile installed in a grouted 15 cm diameter
borehole to a depth of about 8 meters supporting 222 kN in
compression. The outer support was to consist of a threaded
soil nail installed in a 15 cm diameter borehole to a depth of
about 7 meters supporting a tension load of about 100 kN.
Two steel beams were designed to span the pile and soil nail
and extend beneath the building foundation as shown on
Figure 6. Following installation, the entire pile and beam
structure were to be encased in concrete to protect against
exposure to the elements and resulting corrosion.

Caprock Supports
For the portions of ht e structure supported by foundations
bearing on detached portions of the conglomerate caprock,
underpinning of the foundation was deemed to be impractical
as the foundations could not be easily separated from the
capstone. Consequently, the decision was made to anchor the
individual conglomerate boulders into stable portions of the
underlying bedrock, thereby restoring adequate foundation
support to these sections of the building.
The driving forces acting on the detached sections of bedrock
were not clearly understood as the overall geometry of the
boulders and adjoining materials were judged to be stable.
Movements experienced in the past 75 years had likely
resulted from a gradual creep of the conglomerate over the
surface of the underlying claystone as a result of wetting and
drying cycles. To design the support system, it was assumed
that the weathered portions of the claystone immediately
beneath the caprock provided only negligible compressive and
lateral support to the rock and overlying structure. Micropiles
were therefore designed to transfer the load of both the
caprock and the structure to intact portions of the interbedded
sandstone/claystone formation.
To accomplish this,
micropiles were designed to be installed on approximate 1meter centers in exposed portions of the caprock. Each was to
be installed through the conglomerate and into the underlying
claystone to a depth of about 8 meters. Each pile was
designed to carry a compressive load of about 225 kN. The
general configuration of the micropiles is shown on Figure 7,
below.

Existing Foundation Wall
Steel Beams
Detached Conglomerate
Boulders

Micropiles
Micropile

Soil Nail

Figure 6: Cross-section of foundation support scheme
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Figure 7: Plan view of caprock stabilization program
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IMPLEMENTATION

distribution of loads to each of the two reaction piles, each
was judged to have developed approximately 60 kPa of side
shear resistance within the rock socket at the maximum
applied load.

Load Test
Prior to installing production piles and soil nails, a load test
was conducted to confirm the ability of the underpinning
elements to support the design loads. The load test program
included the installation of a central micropile and two soil
nails for reaction. The test pile was installed as follows:
•
•
•
•
•

An 18 cm diameter borehole was drilled to a depth of 3
meters to the upper surface of fresh, relatively
unweathered claystone, then cased to prevent sloughing.
An inner borehole 15 cm in diameter was then advanced
to a total depth of about 8 ½ meters
High strength grout was tremied into the borehole
The temporary casing was removed and replaced with a
9-cm diameter pipe to a depth of 3 meters.
A threaded high-strength reinforcing bar was placed
through the grout to the base of the borehole.

Production Pile Installation
The first phase of pile installation was conducted within the
southern portion of the site. Due to severe access restrictions,
the drilling equipment was lifted into place atop the detached
conglomerate boulders by means of a crane. Although some
of the boreholes were drilled with the rig bearing on the
caprock, boreholes at the edges of the rock mass could only be
drilled with the rig suspended by the crane (Figure 9).

The two soil nails were installed in the same manner. After a
three day curing period and construction of a test frame, a
load test was performed in general accordance with ASTM
D1143. Loads were applied to the test pile with a calibrated
hydraulic jack in 8 equal increments to a total load of 445 kN.
Deflection readings were taken of both the test pile and
reaction piles. Load deflection curves for the test are
presented on Figures 8, below.

0.8

Figure 9: Installation of micropiles atop conglomerate
boulders
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Figure 8: Load deflection curves for test and reaction piles

When the load was removed, the piles rebounded to within
0.13 cm of their original position. Based upon the results of
this load test, the test pile was judged to be capable of
supporting the design compressive load of 222 kN with a
safety factor greater than 2. Assuming a roughly even
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During the course of drilling and pile installation in this area,
continuous readings were made of building movements
through the use of a series of extensiometers and inclinometers
located interior and exterior to the structure. No significant
movements were detected during the entire course of pile
installation in this area.
Following completion of the caprock stabilization program,
underpinning of the western portion of the structure was
undertaken. Piles and soil nails were installed as called for in
the plans, and trenches were excavated perpendicular to the
foundation walls to provide access to the foundations.
Following this, the firm to hard claystone was excavated
beneath the foundation walls at design intervals to provide for
the underpinning beams. After the beams were placed atop
the underpinning elements and fastened in place, shims were
fitted between the beams and the overlying foundation to
provide for proper support of the system without the need for
additional deflection. After the underpinning system was
tensioned and secured in place, concrete was placed in the
excavation to a few centimeters above the base of the
foundation wall. After completion of all of the underpinning
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elements and following a period of curing for the concrete, the
entire site was backfilled to near original grade to restore the
site to its preconstruction appearance.

Figure 10: Foundation underpinning elements

CONCLUSION
Following completion of the underpinning program, a series of
inspections were made to determine if any of the areas that
had experienced distress in the past were continuing to move.
After a period of over 6 months, most of the cracks remained
tightly sealed. In the TK Bedroom, where past movements in
excess of 150mm had been measured, a thin crack about 2mm
in width opened in the ceiling after 1 year of completion of
remedial work. This crack will be monitored to determine if
further underpinning will be required in this area.
Based upon the results of this project, micropiles and soil nails
appear to represent an effective and relatively unobtrusive
solution to the support of structures founded upon unstable
strata. The reinforcing elements proved not only capable of
supporting structural elements, but also large detached slabs of
conglomerate bedrock.
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